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Description 

This invention relates to flow Injection analysis and particularly to an improved flow injection analysis sys- 
tem having the capability of performing analyses with improved precision and repeatability and being program- 

5 mable for control by a computer. A particular feature of the system is a novel sample preparation pump which 
is useful in applications other than flow injection analysis, for example calibration, optimisation and detector 
characterisation and as part of a small-scale reactor system. 

Flow injection analysis (FIA) is a versatile technique available to the analyst for carrying out analyses of 
fluids especially liquids. In essence, the technique comprises mixing a sample of a fluid to be analysed with 

o one or more reagents which react with the sample in a carrier whilst travelling to a detector which responds 
to any changes induced by the reaction. The system may be operated by injecting a sample into a earner stream 
containing the reactant(s) (normal FIA) or by injecting reactant(s) into a carrier stream containing the sample 
(inverse FIA) The system permits accurate control over the time interval between injection of the sample or 
reagent and the detector, thereby allowing reaction products to be detected without waiting for a steady-state 

rs to be reached, so allowing rapid sampling and enabling reactions to be used which do not go to completion in 
the permitted time interval before detection. A typical instrument for carrying out FIA comprises a pump for 
pumping the carrier, a sample injector, optionally a coil providing the required residence time for react.on and 
a detector. 

Known forms of pump for these purposes include peristaltic pumps and bottle-like reservoirs from which 
20 liquid is displaced by introducing gas under pressure to the ullage therein from a gas source by way of a reg- 
ulator valve. Such regulator valves are not particularly accurate and do nothing to compensate for the changing 
head of liquid in the reservoir above the liquid outlet. 

The present invention resides in the discovery that improved results are obtained in FIA systems by pro- 
viding a steadier flow of fluid than is obtainable using previously used pumps. The improved fluid handling sys- 
25 tern is reliable and can be (and preferably is) made even more reliable and precise by being designed for use 
with computer control giving flexibly programmable apparatus. 

DE-A-2144240 discloses a liquid pump comprising a reservoir, an outlet tube for conducting liquid from 
the reservoir and an inlet tube for introducing gas into the liquid in the reservoir to displace liquid therefrom 
through the outlet tube. 

30 According to the present invention there is provided a liquid pump comprising a reservoir, an outlet tube 
for conducting liquid from the reservoir and an inlet tube for introducing gas into the liquid in the reservoir to 
displace liquid therefrom through said outlet tube, characterised by means in the inlet tube for producing an 
electrical output signal which varies in dependence upon the pressure head in the liquid pump and means for 
making a comparison between said output signal and an electrical reference signal and means for utilising the 
35 comparison to control the feed of gas through the inlet tube into the reservoir. 

The gas may be fed into the liquid at a fixed level therein relative to the entrance to the outlet tube and 
such as to maintain a constant pressure at that level. 

The gas may be introduced above ambient pressure, or drawn in by suction applied to the outlet tube. 
The fixed level may be at or adjacent said entrance. 
40 In this way, the pressure in the liquid expelled from the bottle remains constant thereby ensuring that 

the liquid flow is constant. 

The pressurising gas may be fed into the reservoir in the form of a series of precisely controlled rapid pulses 
of gas. The pulse duration may be variable depending upon t he desired rate of flow of liquid; by way of example 
the pulse duration may be say 2 milliseconds for a low liquid flow rate and up to 20 milliseconds for a high 

45 liquid flow rate. It will be appreciated that these figures relate to standard type FIA devices and may be different 
for another size of device. The pulse repetition frequency may be controllable up to about 200 Hz but in general 
will be set at a maximum of about 20 Hz in order to conserve valve lifetime. 

Thus pulse duration and pulse repetition frequency may be controlled thereby providing control of sol- 
vent/reagent flow rates and amount of solvent/reagent delivered. In a standard device, flow rates of up to about 

so 5 ml/minute are typical; higher flow rates are possible using reservoirs designed to withstand higher internal 
pressures. 

The pressure of the gas at the end of the gas inlet tube can be sensed, optionally in a computer-controlled 
device, and compared with a reference signal (eg computer generated) which is related to atmospheric pres- 
sure. Pressure sensing may be, for example, by a piezoresistive differential pressure sensor. Any difference 
55 between the measured pressure and the reference signal is used to vary the gas flow rate by changing either 
or both of the pulse duration and the pulse repetition frequency, these being changed by alteration of the timing 
of the gas release valve. Using this pressure control technique, the pressure difference between the drive gas 
and the ambient atmosphere is maintained regardless of any fluctuations in ambient pressure (and, within rea- 
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son ga6 pressure)and/orsolvent/^^ 

in cases where a valve is introduced after the pump to stop or switch the liquid flow 

As indicated above, the device can be operated at high or low solvent/reagent flow rates. In the case of 
low soivent/reagent flow rates in particular a gas bleed may be provided in the system. A gas ; bleed l nenay 
be connected to the head space to permit a slow escape of gas from the head and ensure better control of 
the drive gas pressure and hence the liquid flow rate. 

The system is not restricted to a single sample or reagent pump and indeed several pumps, each of the 
improved design described hereinbefore, may be provided. The system thus has the capacity of m W siih 
gTe sample with one or several reagents, several samples with a single reagent or more than one sample with 

™Ue 3 im^ of the invention affords a number of advantages over the conventional system 

usinq prior known pumps. The system provides a pulseless, jitter-free delivery of solvent/reagent at a smoo h 
controlled flow rate. There is no backlash at start/stop of liquid flow downstream of the solvent/reagenl : purnp(s) 
and an instant start is achieved in sto PP ed-f low experiments. Since the pressurising gas is introduced mtot he 
body ofthesolvent/reagentitserves to purge orde-gas the solvent/reagent as it rises . tot ^ h ^ , ^ t ^ 
by avoiding air bubbles in the solvent/reagent For effective purging and/or de-gassmg of the .quid we have 
used helium with good results. The pump system and indeed the entire device can be constructed ^nata 
which are inert to the solvent and/or the reagent so that the need for replacement of consumable parts (such 
as the elastomer tubing of peristaltic pumps) is obviated. ^ lttMn ^ ftf 

The system affords an active feedback control of the pressure head in the pump and a h.qh tolerance of 
changes in ambient pressure and drive gas pressure. The system compensates for changes in the hquic i (sol- 
vent/ reagent) level in the pump as solvent/reagent is consumed, thereby obv.at.ng the need for maintaining 
a constant liquid level. There is no need for high quality gas regulators, although a good quahty low pressure 
relief valve followed by a capillary restrictor is advisable for safety. The pump can deliver very low solvent/re- 
agent flow rates reproducibly and precisely. ™„* rrt _ 

The detector of the FIA system may be any of those usually used in FIA devices, for example a spectro- 
photometer, a liquid chromatograph, an electrochemical sensor or an atomic spectroscope. 

The liquid pump may be used with an FIA manifold including a sampling section comprising a length of 
line between valve means at its opposite ends, the valve means being operable firstly to enable the filling of 
said length with sample and secondly its expulsion into a carrier stream. 

The FIA manifold may include a line for carrying one fluid via valve means for mixing with another fluid 
flowing through another line, there being means to open and close the valve means repeatedly at h.gh fre- 
quency to ensure rapid intimate mixing of the two fluids. 

The invention will now be illustrated by way of example only with reference to the accompanying drawings, 

in which:- 

Figure 1 shows a solvent/reagent pump, 

Fiqure 2 shows a schematic representation of a control circuit for the pump of Figure 1 , 
Figure 3 is a schematic representation of an FIA manifold in which each element of the system is under 
the control of a computer, 

Figure 4 is a schematic representation of a system of three-way valves in one example of a sampling ar- 
rangement, „ ,_. i L. 

Figure 5 shows a pressure reduction unit suitable for drawing fluids through the manifold system shown 
in Figure 3, 

Figure 6 shows three types of mixers which can be used in the manifold system of Figure 3, and 
Figure 7 shows the pump of Figure 1 provided with various safety features. 

Referring firstly to Figure 1. a pump 1 for delivering a liquid 2 (a solvent or reagent, for instance) into a 
carrier stream comprises a reservoir in the form of a bottle 3 fitted with a screw-cap 4 through which pass 
tubes 5 and 6 Tube 5 provides an inlet for a gas and tube 6 provides an outlet for the liquid 2. Both of the 
tubes 5 and 6 open near the bottom of bottle 1 and the open end of each is at the same level beneath the 
surface of the liquid. 

Although in the pump shown in Figure 1 the gas inlet tube 5 and the liquid outlet tube 6 open at the same 
level in the liquid, it will be appreciated that this is only a preferred design and that the opening of the tubes 
may be at different levels within the liquid provided that the difference in levels remains constant 

A capillary tube 7 also passes through the cap 4 and is connected to a capillary tube 10 (shown coiled 
but not necessarily coiled) open at its free end to provide a bleed line for the gas in the head space. 

The gas inlet tube 5 has a side arm which connects it with a pressure sensor 8 which is wired to a terminal 
9 for connecting the sensor to the pump control circuit. Gas inlet tube 5 is provided with a connector 11 for 
connecting the tube to a drive gas control valve (optionally computer-controlled). Liquid outlet tube 6 has a 
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connector 12 for connecting it through a valve (optionally computer-controlled) to a FIA manifold. 

Figure 2 shows schematically a control circuit for inlet of drive gas to the pump. The signal from pressure 
sensor 8 (preferably referenced to atmospheric pressure) Is amplified at 13 and passed to a difference amplifier 
14 together with a reference voltage signal from 15 amplified at 16. ItwBI be appreciated that various electronic 

5 configurations may be utilised to enhance the stability of the reference signal. In the embodiment shown in 
Figure 2. the amplified signal from 14 is passed through a comparator 17 to a digital pulse generator 18 where 
together with a further signal (optionally computer generated) from 19 it controls the frequency and duration 
of pulse generation in accordance with the requirement to control the gas inlet pressure. For example a com- 
puter generated signal may not only control pulse duration but may also establish a voltage set point to which 

10 the pressure transducer is compared by 1 7 in order to define the required pressure of the inlet gas. Controlled 
in this way, the signal from pulse generator 1 8 passes to a valve driver 20 a signal containing information as 
to the pulse duration and pulse repetition needed to maintain or establish a desired condition within the pump. 

A FIA manifold comprising pumps as shown in Figure 1 is illustrated in Figure 3, in which 21a, 21b, 21c 
and 21 d are solvent/reagent pumps, 22a, 22b and 22c are mixers, lor example three-way valves, and 23 is a 

is sampling system (described with reference to Figure 4). A detector 24, for example a spectrophotometer, con- 
nects with the manifold. As will be apparent, in principle the manifold enables any number of solvent/reagent 
liquids to be mixed in any desired proportions with a sample or samples. Each of the solvent/reagent pumps 
is designed and controlled as described above to deliver a precise amount of liquid. 

The sampling system 23 is shown schematically in Figure 4 and consists of five interconnected three-way 

20 valves 25 to 29. Valve 25 is connected by line 31 with a source of a wash fluid and through line 32 with a source 
of a sample of the material to be analysed. Valve 25 is switchable to pass either the wash fluid or the sample 
to a second valve 26 which again is a three-way valve. Valve 26 enables wash fluid to be passed directly to 
drain or waste disposal in the direction of arrow 33 or sample to be passed towards the manifold system in 
the direction of arrow 34. Three-way valve 27 switches either the sample received from valve 26 or a (carrier) 

25 stream from line 37 to valve 28, At valve 28 the sample can be switched either to the waste disposal line (arrow 
35) or to the detector [arrow 36 - via a valve 29 and mixers 22b and 22c (Figure 3)]. Valve 29 completes the 
sampling system and as shown enables a (carrier) stream from line 37 to pass directly to the detector (via mix- 
ers 22b and 22c) or the (carrier) stream can be switched into the sample line via valve 27. 

Operation of the sampling system is as follows. For stopped-flow sampling, i.e. where the flow of fluid to 

30 the detector is intermittent valves 25 and 26 are operated to allow sample to flow to line 34 and valves 27 and 
28 allow flow to line 35. Valve 29 prevents flow of carrier to the detector. In this arrangement, sample passes 
through valves 25, 26, 27 and 28 to waste and the flow of carrier fluid is cut off. Valve 28 is operated to allow 
sample to pass to valve 29 and the detector line and at the same time valve 27 is operated to stop the flow of 
sample from line 34 and pass a (carrier) stream from line 37 so that carrier drives the sample located between 

35 valves 27 and 28 to the detector line via valve 29. Thus slugs of sample can be passed to the detector. 

For continuous-flow sampling, i.e. where there is a continuous flow of fluid to the detector, sample flows 
through valves 25, 26, 27 and 28 to waste, whilst carrier fluid flows through valve 29 to the detector line. If at 
the same time valves 27, 28 and 29 are switched then the sample flow from line 34 is cut off and a slug of 
sample (i.e. that located between valves 27 and 28) is driven through the detector line by carrier fluid. Thus, 

40 there is a continuous flow of fluid through the detector line whilst slugs of sample are entrained as desired. 

To purge the system of sample, valves 25 and 26 may be operated to purge the sample directly to waste, 
whilst valves 27 and 28 allow carrier fluid to pass either to waste or to the detector line. 

To wash out the sampling system, valves 25 ( 26, 27 and 28 are operated to allow washing fluid to pass 
through the lines between valves 26, 27 and 28 to waste or to the detector via valve 29. 

45 It will be appreciated that the various valve change sequences to perform the various operational functions 

can be programmed into a computer so that a predetermined programme of analyses can be carried out au- 
tomatically. 

In the manifold system described with reference to Figures 3 and 4 the fluids (wash, sample, carrier or 
reagent fluids) are driven through under positive drive gas pressure but it will be appreciated that instead the 

so fluids may be drawn through the system by reduced pressure. A system of the latter type may comprise, for 
example, a manifold system as shown in Figure 3 having a pressure reduction unit connected after the detector 
24, a suitable pressure reduction unit being illustrated in Figure 5. 

Referring to Figure 5, the pressure reduction unit or vacuum control unit 38 comprises a pressure rated 
vessel 39 into which waste fluid from the detector (24) is drawn through line 40 into a constant head of liquid 

55 41. A line 42 connects vessel 39 to an ejector device 43 in which the flow of a gas or liquid via inlet 44 and 
outlet 45 (to drain, for instance) creates a suction on line 42 and draws fluid from vessel 39. The reduced pres- 
sure thereby created in vessel 39 in turn draws fluid from the detector through line 40 and in fact draws fluid 
through the entire manifold system. The magnitude of the reduced pressure effected In this way is controlled 
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by allowing the controlled influx of gas, e.g. ambient air, into vessel 39 through a line 46 via a control valve 47 
such as a three-way valve of the fail-to-open type. Valve 47 is controlled in the same way as is described here- 
inbefore for the positive pressure drive gas valves of the pump shown in Figure 1. A pressure sensor/control 
unit 48 monitors the reduced pressure relative to that of the gas source (ambient) and releases pulses of gas 

5 into vessel 39 using a control circuit similar to that illustrated in Figure 2. 

As described, the reduced pressure unit may be located after the detector 24 in the manifold system of 
Figure 3 so as to draw fluids through that manifold instead of driving the fluids through using a pressurised 
gas source. Alternatively, the reduced pressure unit can advantageously be added to the manifold system to 
supplement rather than replace the positive drive facility. In this way, a greater pressure differential can be 

w provided across the manifold without exceeding the pressure rating of the pressurised vessels. Thus, for in- 
stance, a faster throughput of fluids may be achieved and the system is better equipped to handle viscous fluids 
which may be encountered as samples and/or reagents. 

It will be appreciated that in the manifold equipped with a reduced pressure unit, the sample and/or reagent 
pumps may be simpler devices operating on the mariot principle. It will be appreciated also that in the draw- 

15 through system there is no requirement for a pressurised gas source; this makes the system more attractive 
for transport for field uses, for example. 

The manifold system shown in and described with reference to Figure 3 comprises mixers 22a, 22b and 
22c and three types of mixers which may be utilised are represented as Figures 6a, 6b and 6c in Figure 6. In 
Figure 6 the member denoted as 1 is a pump essentially as shown in Figure 1. 

20 The device shown in Figure 6a is for continous delivery of one fluid (from the pump) into another fluid 

stream. Thus with reference to Figure 3 any of the mixers 22a, 22b and 22c may have this configuration. If 
desired, further mixers may be provided as shown in broken lines in the drawing. 

Figure 6b shows a mixer comprising a two-way valve which allows intermittent addition of one fluid (from 
the pump) into another fluid stream. Pulse-free delivery of fluid from the pump and repeated operation at high 

25 frequency (typically 1Hz - 100Hz) of the two-way ratioing valve ensures effective mixing of the two fluid 
streams. The valve may be operated with any desired mark space ratio. Optional additional mixers may be 
provided as shown in broken lines in the drawing. 

The ratioing valve is preferably a low dead- volume three-way valve such as is shown in Figure 6c. An op- 
tional additional mixer may be provided as shown in broken lines in the drawing. 

30 In the arrangement of Figure 6a the fluid mixing ratio is determined solely by the relative pressures of the 

fluid streams being mixed. In the arrangements shown in Figures 6b and 6c, however, the valve introduces a 
further control over the mixing ratio since in this case the valve timing as well as the fluid pressure influences 
delivery of the fluid. 

Irrespective of the type of mixing device employed it is preferred that the mixing operation at each point 

35 in the manifold system can be controlled by computer in order to ensure precise and repeatable blending of 
fluid streams even when sampling procedures are undertaken. 

Some safety features which it is desirable to build into the pump and its control system are illustrated in 
Figure 7. As shown in this Figure, the system is modified by incorporation of an additional pressure sensor 
and a pressure relief valve. The gas inlet tube 5 is connected to a gas inlet valve 48 in advance of which is 

40 provided a side arm to a pressure sensor 49. The signal 50 from pressure sensor 49 is compared with the signal 
from pressure sensor 8. The pressure sensed at sensor 49 should always be greater than that sensed at sensor 
8. The gas bleed tube 7 is connected through a relief valve 51 to a vent line. 

These features are designed to cater for situations where there is a failure of the gas supply which other- 
wise could result in damage due to the drawing of liquid from the pump back into the pressure sensor 8 or 

45 even into the gas supply valve 48 and the source of the gas. In the modified system of Figure 7, in the event 
of a failure of the gas supply or of it being inadvertently turned off, the gas pressure in the heads pace of the 
pump exceeds that in the gas supply through valve 48. The pressure sensor 49 measures the pressure of the 
gas supply to valve 48 and compares it with the headspace pressure measured by sensor 8. A dedicated elec- 
tronic circuit controls the relief valve 51 such that it is opened thereby venting the headspace within the pump. 

so The system can be set up so that further operation of the pump is halted until the fault has been corrected 
and the valve 51 has been reset. In the event of a power failure, gas supply valve 48 is closed to shut off the 
gas source and valve 51 is opened to vent the pump headspace. 

Other safety features (not illustrated) which are desirable are a pressure relief valve (say 1 0 psig - 68 kPa) 
in the gas supply line and a capillary restrictor in the gas supply line. Also it is advisable to employ a pump 

55 body, e.g. a plastic-coated glass bottle or a plastic bottle, designed to withstand a much greater internal pres- 
sure than is ever likely to be encountered in normal usage of the pump. 
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Claims 

1 A liquid pump comprising a reservoir (3), an outlet tube (6) for conducting liquid from the reservoir and 
an inlet tube (5) for introducing gas into the liquid (2) in the reservoir to displace liquid therefrom through 
said outlet tube, characterised by means (B) for producing an electrical output signal which varies in de- 
pendence upon the pressure head in the liquid pump and means (17) for making a comparison between 
said output signal and an electrical reference signal and means (18, 20) for utilising the comparison to 
control the feed of gas through the inlet tube into the reservoir. 

2. A liquid pump according to claim 2, further comprising means (18,20) for introducing the gas into the re- 
servoir in the form of a series of pulses controlled by said utilising means. 

3. A liquid pump according to daim 1 , further comprising means for feeding gas into the liquid from said inlet 
tube at a fixed level therein relative to an entrance to said outlet tube and such as to maintain a constant 
gas pressure at said fixed level. 

4. A liquid pump according to claim 3, wherein the fixed level is at or adjacent said entrance to the outlet 
tube. 

5. A liquid pump according to claim 1 , further comprising means for introducing gas into said reservoir at a 
pressure above ambient pressure. 

6. A liquid pump according to claim 1 , further comprising means for introducing gas into said reservoir by 
the application of suction to said outlet tube. 

7. A liquid pump according to claim 1 , including a gas bleed line (1 0) from a location above the liquid in said 
reservoir. 

8. A liquid pump according to claim 2, wherein the pulses are of fixed frequency and variable duration. 

9. A liquid pump according to claim 2, wherein the pulses are of fixed duration and variable frequency. 



Patentanspriiche 

1. Fliissigkeitspumpe mit einem Reservoir (3), einem Ausla&rohr (6) zum Herausleiten von Flussigkeit aus 
dem Reservoir und einem EinlaBrohr (5) zum Einfuhren von Gas in die Flussigkeit (2) in dem Reservoir, 
urn daraus Flussigkeit uber das AuslaRrohr zu verdrangen, 

gekennrelchnet durch 

Mittel (8) zum Erzeugen eines elektrischen Ausgangssignals, das sich in Abhangigkeit von dem Druckkopf 
in der Flussigkeitspumpe andert, Mittel (1 7) zum Durchfuhren eines Vergleichs zwischen dem Ausgangs- 
signal und einem elektrischen Referenzsignal und Mittel (18,20) zum Verwenden des Vergleichssignals 
zum Steuern der Zufuhr von Gas durch das EinlaBrohr in das Reservoir. 

2. Flussigkeitspumpe nach Anspruch 1, weiterhin Mittel (18,20) zum Einfuhren des Gases in das Reservoir 
in Form einer Impulsfolge umfassend, die durch die Verwendungsmittel gesteuert werden. 

3. Flussigkeitspumpe nach Anspruch 1 , weiterhin Mittel zur Zufuhr von Gas in die Flussigkeit von dem Ein- 
laBrohr bei einem festen Pegel relativ zu einem Eingang zu dem Auslalirohr umfassend, derart, daB ein 
konstanter Gasdruck bei dem festen Pegel auf reenter halten wird. 

4. Flussigkeitspumpe nach Anspruch 3, bei der der feste Pegel bei oder nahe dem Eingang zu dem Auslali- 
rohr liegt. 

5. Flussigkeitspumpe nach Anspruch 1, weiterhin Mittel zum Einfuhren von Gas in das Reservoir bei einem 
Druck uber Umgebungsdruck umfassend. 

6. Flussigkeitspumpe nach Anspruch 1, weiterhin Mittel zum Einfuhren von Gas in das Reservoir durch Auf- 
bringen einer Saugwirkung auf das Auslalirohr umfassend. 
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